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esponsibility of ChinAbstract Rare earth oxides doping has been extensively investigated as one of the effective methods to
lower thermal conductivity of 4.55 mol% Y2O3 stabilized ZrO2 (YSZ) thermal barrier coatings (TBCs).
In the present work, 5–6 mol% Yb2O3 and Y2O3 co-doped ZrO2 ceramics were synthesized by solid
reaction sintering at 1600 1C. The phase stability of the samples after heat treatment at 1500 1C was
investigated. Yb2O3 and Y2O3 co-doped zirconia, especially when Yb2O3/Y2O3≥1, contained less
monoclinic phase than single Yb2O3 or Y2O3 phase doped zirconia, indicating that co-doped zirconia was
more stable at high temperature than YSZ. The thermal conductivity of the 3 mol% Yb2O3+3 mol% Y2O3
co-doped ZrO2 was 1.8 W m
−1 K−1 at 1000 1C, which was more than 20% lower than that of YSZ.
& 2013 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Thermal barrier coatings (TBCs) with a double-layer structure
consisting of ceramic top coat and metallic bond coat are widely
used in the hot sections of advanced gas turbine engines to reduce
the operating temperature of super alloy substrates [1–3]. The state-
of-the-art TBC ceramic material is 6–8 wt% Y2O3 (3.5–4.5 mol%)earch Society. Production and hostin
3
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du.cn (H. Guo).
ese Materials Research Society.stabilized ZrO2 (YSZ), owing to its excellent thermo-physical
properties, including low thermal conductivity, high melting point
and high thermal expansion coefﬁcient [4,5]. The YSZ coating,
mainly comprising metastable tetragonal phase (t′), can be
fabricated either by electron-beam physical vapor deposition
(EB-PVD) or plasma spray (PS) [6,7]. However, YSZ TBCs
could not long-term operate above 1200 1C. The t′-ZrO2 phase
tends to decompose to a low-yttria tetragonal phase and a high-
yttria cubic phase at high temperature. Then the low-yttria
tetragonal phase would transform to a monoclinic (m) phase
during thermal cycling, accompanied with excessive volume
expansion, which may accelerate the spallation of TBCs [8–10].
To improve the operating temperature of YSZ TBCs, it is necessary
to develop alternative TBC materials with high phase stability suitable
for application above 1200 1C. On the other hand, lower thermal
conductivity is desirable for TBC materials. For a given thermal barrierg by Elsevier B.V. All rights reserved.
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lifetime as compared with a thick TBC. Two type of ceramic materials
have exhibited very promising potential in improving the performances
of TBCs: (i) alternative rare earth oxides doped ZrO2-based systems,
such as La2O3, Nd2O3, Gd2O3, Yb2O3 and Sc2O3 [11–15]; and
(ii) rare earth zirconate ceramics, such as La2Zr2O7, Gd2Zr2O7 and
Sm2Zr2O7, which are reported to have lower thermal conductivity than
YSZ [16–19].
Considerable efforts are made to seek for alternative stabilizers
to improve the phase stability and reduce the thermal conductivity
of ZrO2-based materials. Many researches are concentrated on
trivalent dopants, which can introduce oxygen vacancies. It is
believed that the trivalent dopants can stabilize the tetragonal and
cubic phases when the doping level is sufﬁcient to create enough
oxygen vacancies to reduce the coordination number of Zr ions
from 8 to around 7.5 [20,21]. On the other hand, the oxygen
vacancies could provide phonon scattering to decrease the thermal
conductivity. Jones et al. [22] ﬁnd that Sc2O3-doped ZrO2 could
exhibit excellent t′ phase stability at 1400 1C. Zhang et al. [23]
reduced the thermal conductivity of 8YSZ by co-doping of Gd2O3
and Yb2O3. Rebollo et al. [24,25] examined the phase stability of
ZrO2 doped with several rare earth oxides, such as RE2O3
(RE¼Yb, Gd, Sm, Nd, La) during thermal annealing at
1200 1C. The phase stability of co-doped ZrO2 with Y2O3 and
RE2O3 (RE¼Yb, Gd, Sm, Nd) was much better than that of YSZ.
4 mol% Gd2O3–ZrO2 [26] and La2O3–YSZ [27] TBCs exhibit low
thermal conductivities but poor phase stability, because dopants
with large cation radii could reduce thermal conductivity but cause
phase destabilization.
2–3.5 mol% Yb2O3–ZrO2 ceramics investigated by Nakayama
et al. [28] revealed satisfying mechanical properties. Feng et al. [29]
have researched 3–10 mol% Yb2O3–ZrO2 ceramics and found that
adequate Yb2O3 doped ZrO2 consist mainly of t′ phases and show
lower thermal conductivities than YSZ. The works mentioned above
may indicate that Yb, with heavier atomic weight and smaller ion
radius, may be a promising additive to ZrO2. However, Yb2O3 and
Y2O3 co-doped ZrO2 have not been investigated systematically. The
objective of the present work was to investigate the effect of co-
doping of Yb2O3 and Y2O3 on the thermo-physical properties of
ZrO2-based material, by varying the ratio of Yb2O3 to Y2O3. In the
study, the phase stability and thermal conductivity of the 5–6 mol%
Yb2O3, Y2O3 co-doped ZrO2 and traditional 4.55 mol% Y2O3–ZrO2
were comparatively investigated.2. Experimental
2.1. Synthesis of Yb2O3–Y2O3–ZrO2
Yb2O3–Y2O3–ZrO2 (YbYSZ) was synthesized by solid phase reaction.
Yb2O3 (99.9%), Y2O3 (99.9%) and ZrO2 (99.9%) powders were used
as the starting materials. The mixed powders were dissolved in alcohol
and milled for 6 h using a high-energy ball milling (KQM-S, China).
Subsequently, the mixed powders were dried at 75 1C for 24 h, hot-
pressed into pellets with a load of 40 MPa at 1400 1C, and followed by
sintering at 1600 1C for 12 h for solid reaction. The densities of the
sintered samples were measured by Archimedes method.
2.2. Phase stability
The phases of YbYSZ were investigated by X-ray diffraction
(XRD, Rigaku Diffractometer, Cu Kα radiation). To evaluate thephase compositions quantitatively, the scanning speed was as slow
as 0.2 deg/min in the range of 2θ¼27–331 and 72–751 corre-
sponding to the {111} and {400} peaks, respectively. The mole
fraction of each phase was determined by the calculated peak
intensities, using the equations given by Miller et al. [9]:
Mm
Mc;t=t′
¼ 0:82½Imð111Þ þ Imð111Þ
Ic;t=t′ð111Þ
Mc
Mt=t′
¼ 0:88Icð400Þ½It=t′ð400Þ þ It=t′ð004Þ
ð1Þ
Where Mm, Mc and Mt/t′ are the mole fractions of the monoclinic,
cubic and tetragonal phases, respectively, and I represents the
integrated intensity reﬂected from the corresponding plane.
2.3. Thermal conductivity
The bulk densities of the sintered YbYSZ samples were measured
according to the Archimedes's law:
ρbulk ¼
mdryρliquid
ðmsat−msuspÞ
ð2Þ
where mdry is the dry mass of the sample, ρliquid the density of the
suspending liquid, msat the mass of the sample saturated with the
liquid, and msusp the mass of the sample suspending in the liquid.
The thermal diffusivity between 20 1C and 1000 1C was measured
using a laser-ﬂash apparatus (Netzsch LFA 427) in an argon atmo-
sphere. Disk-shaped samples with 12.7 mm in diameter and 1–2 mm in
thickness were machined from the sintered compacts. Prior to the
thermal diffusivity measurements, both the front and rear surfaces of
the disks were coated with a thin ﬁlm of graphite to increase the
absorption of laser pulses.
The speciﬁc heat capacity (Cp) of the specimens were calculated
according to the Neumann–Kopp law. Each value of the consti-
tuent oxides (Yb2O3, Y2O3, and ZrO2) was obtained from the
thermodynamic database [30].
The thermal conductivity λ was calculated from the bulk density
ρ, the thermal diffusivity α and the speciﬁc heat capacity Cp, using
the equation:
λ¼ ραCp ð3Þ
Since the samples were not fully dense, the thermal conductivity
data were corrected for the actual data λ0, using the equation [19]:
λ
λ0
¼ 1− 4
3
Φ ð4Þ
where Φ is the fraction of porosity that was determined by the
equation Φ¼ 1−ρ=ρt in which ρt is the theoretical density of the
sintered samples, and ρ is the measured density.3. Results and discussion
3.1. Phase stability of the heat treated YbYSZ
The phase stability of the Yb2O3–Y2O3–ZrO2 sample after heat
treatment at 1500 1C for 100 h was examine by XRD as shown in
Fig. 1. The regions of 2θ¼27–331 and 72–751 were chosen as the
regions to distinguish monoclinic (m) and tetragonal (t′) phases from
cubic (c) phase, respectively. All the samples were mixtures of m, t′/t
and c phases. To investigate the effect of dopants on phase
composition, the 2θ values at peaks, splitting of overlapping peaks
and the integral intensity of corresponding peak were performed by
L. Sun et al.442Jade 5.0 software package. The splitting result of overlapping peaks
in 1Y4Yb XRD pattern {400} region was shown in Fig. 1c. Then the
mole fraction of each phase was calculated by Eq. 1 and theFig. 1 The XRD patterns of the Yb2O3–Y2O3–ZrO2 pellets after 100
h/1500 °C heat-treatment: (a) {111} region; (b) {400} region; and (c)
the splitting of overlaping peaks in 1Y4Yb XRD pattern {400} region.tetragonality of t/t′-phase was also calculated from 2θ values at
peaks, as listed in Table 1. It can be seen that the calculated
tetragonality of every sample was lower than 1.010, proving it is t
′-phase rather than t-phase [31]. In order to depict phase fractions
clearly, the bar graph is also available in Fig. 2.
As to the single-doped samples, 4.55Y contained 42 mol%
m-phase after the prolonged heating time at high temperature,
while 5Yb showed better decomposition resistance with only
20.6 mol% m-phase. Furthermore, 4Y1Yb and 1Y4Yb, the co-
doped samples with the same doping amount as 5Yb, contained
less m-phase and more t′-phase. On the other hand, the main
phases of 4Y2Yb, 3Y3Yb and 2Y4Yb after high temperature
annealing were still t′-phase, exhibiting excellent phase stability.
The results proved that the high temperature phase stability of
zirconia could be better enhanced by co-doping. When ZrO2 is co-
doped with Y2O3 and Yb2O3, the quadrivalent Zr
4+ will be
substituted by trivalent Y3+ and Yb3+, forming oxygen vacancies
for electric neutrality. The mutual dependence relationship of
substitutional defects and oxygen vacancies facilitates the forma-
tion of defect cluster regions, which has been observed by Zhu
[32,33] using high-resolution TEM. The formation of defect
clusters can be described by defects reaction below:
Re2O3-2ReZr′ þ V ::O þ 3Oo
Y ′Zr þ Yb′Zr þ V ::o⇔½ðY ′ZrÞðV ::oÞðYb′ZrÞ ð5Þ
The formation of defect clusters with larger scale is difﬁcult to
move or diffuse even at high temperature, which could reduce the
concentrations of the mobile single defects and suppress the
atomic mobility and mass transport. However, the decomposition
of the t′-phase to the equilibrium t and c phases during high
temperature annealing is a diffusion controlled process, requiring
long-range cation diffusion. Therefore, the clusters can improve
the phase stability of t′-phase through suppressing the diffusion of
dopants from partitioning to dopants rich and lean regions. As a
result, the co-doped zirconia showed enhanced phase stability after
high temperature annealing.
From Eq.5, it can be inferred that the formation of clusters needs the
coexistence of Y2O3 and Yb2O3. Therefore, the concentrations of
defect clusters in sample 4Y1Yb and 1Y4Yb should be lower than that
in 4Y2Yb, 3Y3Yb and 2Y4Yb, resulting in different phase stability.
Comparing sample 4.55Y with 5Yb, 4Y1Yb with 1Y4Yb and
4Y2Yb with 2Y4Yb, it could also be found that samples with
Yb2O3 as the dominant dopant show better phase stability. This
reﬂects that Yb2O3 may stabilize t′-ZrO2 better at high tempera-
ture, consistent with the result from Jing Feng [29]. One possible
reason is that the larger Y3+ provided a greater driving force for
partitioning than smaller Yb3+ according to Rebollo's works
[24,25].3.2. Thermal conductivity
Thermal conductivity is mainly determined by thermal diffusivity.
The measured thermal diffusivities of Yb2O3–Y2O3–ZrO2 at various
temperatures are shown in Fig. 3. The corresponding thermal
conductivities were calculated using Eq. 3 and corrected for porosity
according to Eq. 4 to represent full dense samples, as shown in Fig. 4.
For the single-doped samples, the thermal conductivity of 5Yb is
slightly lower than that of 4.55Y. The co-doped samples show much
lower thermal conductivities than those single-doped samples.
Speciﬁcally, the thermal conductivity of the 3 mol.% Yb2O3+3
Table 1 Phase compositions and tetragonality of Yb2O3–Y2O3–ZrO2 pellets after 100 h/1500 °C heat-treatment.
Samples ID Y2O3 (mol%) Yb2O3 (mol%) m-phase (mol%) c-phase (mol%) t′-phase (mol%) Tetragonality c/
ﬃﬃﬃ
2
p
a
4.55Y 4.55 0 42 58 – –
4Y1Yb 4 1 16.2 51 32.8 1.0070
4Y2Yb 4 2 14.4 6.3 79.3 1.0055
3Y3Yb 3 3 6 2.5 91.5 1.0052
2Y4Yb 2 4 6.2 3.8 90 1.0055
1Y4Yb 1 4 6.9 54 39.1 1.0065
5Yb 0 5 20.6 56.8 22.6 1.0078
Fig. 2 Phase mole fraction of Yb2O3–Y2O3–ZrO2 pellets after
100 h/1500 1C heat treatment.
Fig. 3 Thermal diffusivities of Yb2O3–Y2O3–ZrO2 at various
temperatures.
Fig. 4 Thermal conductivities of Yb2O3–Y2O3–ZrO2 at various
temperatures.
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20% lower than that of the conventional 4.55 mol% Y2O3–ZrO2.
In electrical-insulating solids, thermal transfer is decided by
lattice vibrations, which are usually described as the scattering of
phonons [34]. The mean free path of phonons is considered to
consist of two components, phonon–phonon scattering and point
defect scattering, which depends on the frequency of the phonon
(ω) and the temperature (T), using the equation:
1
lðω;TÞ ¼
1
liðω; TÞ
þ 1
lpðω; TÞ
ð6ÞWhere li(ω, T) is the phonon mean free path associated with
phonon–phonon scattering and lp(ω,T) is the phonon mean free
path due to point defect scattering. The thermal conductivity, λ,
can then be calculated using the general expression for thermal
conductivity [34]:
λ¼ 1
3
Z ωm
0
Cðω; TÞvðωÞlðω; TÞdω ð7Þ
where C(ω, T) is the speciﬁc heat capacity of the material, v(ω) is
the phonon group velocity and l(ω, T) is the phonon mean free
path. In Debye theory, ωm is the Debye frequency ωD, v(ω) can be
considered equal to the sound velocity. In the case of only intrinsic
and defect scattering being signiﬁcant, Klemens [35] has shown
that the thermal conductivity can be given as
λ¼ λi−δλp ð8Þ
where λi is the intrinsic thermal conductivity, and δλp is the
decrease due to the point defect scattering. δλp is given as
δλp ¼ λi 1−
ω0
ωm
tan −1
ωm
ω0
 
ð9Þ
where ω0 is the phonon frequency at which the phonon mean free
path is equal for intrinsic and point defect scattering, and ωm is the
Debye frequency. With the relationship of the mean free paths for
intrinsic and point defect scattering given by Klemens [35,36],
Henry Lehmann [37] deduced:
ω0
ωm
¼ γ
2kTN2=3
9πμa3
1
cS2
ð10Þ
Fig. 5 Comparison of the measured and calculated thermal con-
ductivities of 3Y3Yb.
L. Sun et al.444where γ is the Grüneisen parameter (selected to be 2 [38]), k is the
Boltzmann constant, N is the number of atoms per molecule
(which is 3 in ZrO2-based solid solution), μ is the shear modulus
(selected to be 53 GPa given by Klemens for zirconia [35]), a3 is
the average atomic volume, and c is the concentration of the
substituting atoms. The term S considers the mass and bonding
strength differences of the substituted and the substituting atoms
(S1 and S2, respectively) and the inﬂuence of the phonon scattering
by the elastic ﬁeld around a point defect (S3), and S is obtained
from [36]:
S¼ S21 þ ðS2 þ S3Þ2 ð11Þ
where
S1 ¼
ΔM
M
1
2
ﬃﬃﬃ
3
p ð12Þ
S2 ¼ −
ΔR
R
1ﬃﬃﬃ
6
p ð13Þ
S3 ¼ −Qγ
ΔR
R
ﬃﬃﬃ
2
3
r
ð14Þ
where M and R are the average masses and radii of the substituting
and the substituted atoms, respectively, ΔM and ΔR are the
differences of masses and radii between the substituted and the
substituting atoms, respectively. The factor Q takes the distortion
of the lattice in the vicinity of the point imperfection into
consideration, which relates to the amount of the relocated
nearest-neighbor atoms of the substituted atom and the distorted
linkages between them. The value of Q we use is 4.2, as given by
Klemens [36].
From Eqs. ce:cross-refs id¼"crs0060" reﬁd¼"eq0040 eq0045
eq0050">8–10, it can be found that the thermal conductivity
decreases with defect concentration c and S increasing. The
difference of atomic masses between Yb and Zr is much larger
than that between Y and Zr, while the radii of Yb3+ and Y3+ are
similar. Therefore, it can be understood that the thermal con-
ductivity of 5Yb is lower than 4.55Y, which is consistent with the
experimental result. On the other hand, oxygen vacancies which
are not considered in the calculation model described above
usually cause strong phonon scattering and decrease the thermal
conductivity. And the amount of oxygen vacancies increases with
Re3+ concentration. As a result, the thermal conductivities become
lower with the doping amounts increasing.
It is worth stating the signiﬁcant effect of defect clusters, which are
formed in the co-doped samples, illustrated by Eq. 5. As observed by
Zhu [32,33], the elastic ﬁeld sizes of defect clusters are much larger
than that of substituting defects. Thus the defect clusters should
greatly enlarge the value of S3 in Eq. 12, which represents the phonon
scattering by the elastic ﬁeld introduced by defects. In addition, S3 is
much larger than S1 and S2 according to Liu's work [39], indicating
that the elastic ﬁeld has the predominant contribution to enhancing
phonon scattering. Therefore, the thermal conductivities of co-doped
samples with defect clusters are lower than those of single-doped
4.55Y and 5Yb. As discussed in Part 3.1, 3Y3Yb sample could have
a little higher defect cluster concentration than 4Y2Yb and 2Y4Yb
samples, thus leading to a lower thermal conductivity.
The thermal conductivity of 3Y3Yb was calculated using the
Klemens' theory without considering the effect of defect clusters on
S3. In the calculation, the intrinsic thermal conductivity of ZrO2, λi,
was cited from Mévrel's work [40]. As shown in Fig. 5, the measured
value is apparently much lower than the calculated value. One ofpossible reasons is that defect clusters reduced the thermal con-
ductivity indeed.4. Conclusions
Phase stability and thermo-physical properties of Yb and Y co-
doped zirconia were investigated and conclusions can be drawn as
follows:
Yb2O3, Y2O3 co-doped zirconia contained less monoclinic
phase than Yb2O3 or Y2O3 single-doped zirconia after 100 h heat
treatment at 1500 1C, indicating good phase stability at high
temperature. Especially when Yb2O3/Y2O3≥1, the co-doping
was more effective.
The co-doped samples showed much lower thermal conductiv-
ities than those single-doped samples. Among them, 3 mol%
Yb2O3+3 mol% Y2O3 co-doped ZrO2 showed the lowest thermal
conductivity, which was more than 20% lower than that of the
4.55 mol% Y2O3–ZrO2. That could be partially attributed to defect
clusters and oxygen vacancies formed in the co-doped zirconia.
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